Highlights
==========

-   Long-Term Potentiation (LTP) was facilitated in Transient Congenital Hypothyroidism (TCH) male rats treated with exercise and testosterone.

-   Exercise and testosterone individually did not show any effect in TCH male rats.

-   Combination of exercise and estradiol had no effect on LTP in TCH female rats.

-   Exercise and estradiol individually had no effect on LTP in TCH female rats.

Plain Language Summary
======================

Because of the increased survival of many premature infants, the prevalence of transient thyroid dysfunctions has increased, too. These abnormalities can result in lower intelligence in adulthood. Decreased plasma concentrations of both testosterone and estradiol are observed in hypothyroidism that can be one of the causes of cognitive failure booster. In our study, hypothyroidism was induced by propylthiouracil from the 6th day of gestation until the 21st postnatal day in rats. From postnatal day 28 to 47, the female and male pups received 17β-estradiol and testosterone, respectively with training exercise. On postnatal day 48, electrophysiological experiments were performed. The combination treatment of exercise and testosterone were effective in male rats with transient congenital hypothyroidism group but not in female rats.

1.. Introduction
================

Thyroid hormones are essential for the normal development of the central nervous system ([@B71]). During normal gestation, thyroid hormones respond to the increased physiologic demands of the growing fetal placental unit ([@B40]). Reductions in myelination, impairments in proliferation and migration of cells, and the retardation of synapse formation are the results of thyroid hormones deficiency during brain development ([@B5]). Congenital Hypothyroidism (CH) occurs during the fetal and/or neonatal period. CH is associated with a risk of brain damage and mental retardation ([@B9]) and is divided into two main groups of permanent and transient. Transient Congenital Hypothyroidism (TCH) is defined as a transient abnormality of the thyroid function in newborns, which later reverts to normal ([@B6]).

The prevalence of transient thyroid function abnormalities has increased due to the increased survival of many premature infants ([@B6]). According to research, these transient disorders reduce about 10--15 Intelligence Quotient (IQ) points in school-age children with euthyroid in areas with severe endemic goiter compared with those of the controls ([@B7]). At the age of 6--9 years, children born and lived in areas with iodine deficiency that showed biochemical signs of abnormal thyroid function at birth had a lower IQ than the matched controls that had normal thyroid function at birth and lived in the same environmental conditions. The TCH group have lower global, verbal, and performance IQs compared with the normal group ([@B9]).

It is known that the maintenance of neuronal performance and protection against damage can be influenced by both endogenous and exogenous factors. Among the former, gonadal steroid hormones seem to be potent bio-modulators, while exercise highlighted as an exogenous factor. During the prenatal period, gonadal steroid hormones are essential for the development of the central nervous system, the organization of neural circuits, and the modulation of synaptic plasticity and neuroprotection, particularly in the hippocampus ([@B12]; [@B22]; [@B26]; [@B52]).

It is claimed that there are connections between endocrine secretions of the adrenal, thyroid, and sex glands ([@B41]) and it is well-established that hypothyroidism disrupts reproductive functions in many species, and thyroidectomy results in the decrease of basal levels of testosterone in male rats ([@B10]) and the rats subjected to transient neonatal hypothyroidism have consistently low levels of plasma testosterone ([@B51]). Also, decreased plasma concentrations of both testosterone and estradiol are observed in females with hypothyroidism ([@B42]). TCH is associated with decreased levels of testosterone ([@B51]) and estrogen ([@B64]), in turn, it can be one of the causes of cognitive failure booster.

Exercise has beneficial effects in young adult animals ([@B4]). In rodents, the effects of wheel running and treadmill training have a substantial impact on the improvement of spatial learning ([@B48]). In addition, exercise can increase cognition ability through hippocampal neurogenesis. Moreover, exercise enhances synaptic plasticity, neuro-transmission, and growth factor gene expression in the hippocampus of physically active rats and mice ([@B68]).

It is a known fact that the activity of numerous glands and the production of their hormones are affected by exercise ([@B11]). Research results indicate that exercise-associated benefits in discrimination learning are removed in the absence of gonadal hormones. Thus, an improvement in discrimination learning was observed in rats with circulating gonadal hormones, showing that there may be an interaction between gonadal hormones and exercise that initiated this enhancement ([@B19]). The thyroid is also affected by exercise ([@B11]). Besides the metabolic effects of exercise on thyroid hormones, treadmill exercise during the postnatal period in hypothyroid rat pups results in the improvement of short-term memory and spatial learning ability ([@B61]).

It is known that hippocampus is a brain region involved in cognitive skills such as learning and memory ([@B23]). Memory is encoded by the modification of synaptic strengths such as Long-Term Potentiation (LTP) ([@B55]). LTP is a model of activity-dependent synaptic plasticity noticeably observed in the hippocampus and is also the cellular mechanism for learning and memory ([@B46]; [@B70]). Also, thyroid receptors are present in the hippocampus, an area involved in learning and memory. Consequently, It is reported that changes in thyroid hormone levels can disrupt hippocampal-associated learning and memory ([@B60]), synaptic plasticity ([@B24]), and neurogenesis ([@B61]). Iodine deficiency and hypothyroidism during critical periods of brain development impair LTP induction in the hippocampus ([@B17]) and enhance the expression of LTP in the hippocampal slices in rats that undergo exercise training ([@B55]) and the ones treated with 17β estradiol ([@B46]) and testosterone ([@B62]).

The current study hypothesized that the beneficial effects of exercise may not be apparent in conditions such as low level of sex hormones in TCH rats. It was also hypothesized that the exercise and sex hormones effects can be synergistic in the enhancement of LTP. The effect of combined exposure to physical activity and sex hormone treatment on LTP in TCH rats is not explored yet. Therefore, the current study aimed at examining whether exercise, combined with the administration of sex hormones, might exert different effects compared with hormone therapy alone.

2.. Methods
===========

2.1.. Ethical approval
----------------------

All experimental protocols were undertaken in accordance with the guidelines of the 1975 Declaration of Helsinki, as reflected in the guidelines of the Medical Ethics Committee, Ministry of Health, Iran. In addition, the Regional Medical Ethics Committee in West Azerbaijan Province, Iran, approved the study.

2.2.. Subjects
==============

Male and female Wistar rats (200--250 g) at 10 weeks of age were obtained (Animal Facility of Urmia University of Medical Sciences, Urmia, Iran) and used. Animals were housed under controlled conditions (12:12-hour light/dark cycle; lights on 07:00 am; temperature at 22±2°C) and provided with food and water. All female rats were mated at 12 weeks with a male and checked daily for the presence of a vaginal plug. If a plug was located, the female rat were immediately transferred to a new cage ([@B18]; [@B28]; [@B65]). Pregnant rats were divided into control and TCH groups. Chemical treatment started on the 6^th^ day of gestation (GD 6) and continued until the 21^st^ Postnatal Day (PND 21).

The TCH group received 100 ppm of the antithyroid drug Propylthiouracil (PTU) ([@B25]) (Sigma, St. Louis, MO, USA) added to their drinking water ([@B44]) while the control group consumed tap water. After weaning, the off-spring of the control and TCH rats were divided into four subgroups for each gender. All subgroups consisted of six rats of each gender, housed with free access to food and water. When the PTU treatment was terminated on PND 21, two pups from each dam were rapidly decapitated. Trunk blood was collected for analysis and measuring the total T4 and serum thyroid-stimulating hormone (TSH) after the centrifugation (3000 g, 10 minutes) of clotted samples, blood serum was separated and stored at −80°C. On PNDs 28--47, exercise protocols and gender-specific hormone administration were conducted. On PND 48, trunk blood was collected for measuring serum TSH and total T4. Electrophysiological experiments were also performed.

2.3.. Experimental groups
-------------------------

The control and TCH rats were randomly assigned into four subgroups per gender (n=6 rats of each gender per subgroup); i.e. six sub-groups in total: sedentary-control-non-hormone (SED/CON/NH), sedentary-control-hormone (SED/CON/H), treadmill exercise-control-non-hormone (TE/CON/NH), treadmill exercise-control-hormone (TE/CON/H), sedentary-hypothyroid-non-hormone (SED/HYP/NH), sedentary-hypothyroid-hormone (SED/HYP/H), treadmill exercise-hypothyroid-non-hormone (TE/HYP/NH), and treadmill exercise-hypothyroid-hormone (TE/HYP/H).

2.4.. Exercise protocols
------------------------

Rats in sub-groups TE/CON/NH, TE/CON/H, TE/HYP/NH, and TE/HYP/H ran 30 minutes, once a day (at 12:00 pm) on a leveled motorized treadmill for 20 consecutive days with the speed from 2 m/minute for the first five minutes, 5 m/minute for the following five minutes, and 8 m/minute for the last 20 minutes, and gradient of zero. These settings represent a low-intensity treadmill exercise. The rats in subgroups SED/CON/NH, SED/CON/H, SED/HYP/NH, and SED/HYP/H were left on the treadmill without running for the same period as the rats in the exercise group ([@B38]). Exercise began 30 minutes after the subcutaneous (SC) injection of sex hormones or vehicle administered.

2.5.. Treatments
----------------

In subgroups SED/CON/H, TE/CON/H, SED/HYP/H, and TE/HYP/H, male rats received (SC) 0.5 mg/kg of testosterone and female rats received (SC) 5 μg/kg of 17β-estradiol (Sigma, St. Louis, MO, USA) daily, for 20 consecutive days. To prepare the drugs, at first, estrogen and testosterone were dissolved in alcohol, and then distilled water was added to a concentration of 3% alcohol. The rats in subgroups SED/CON/NH, TE/CON/NH, SED/HYP/NH, and TE/HYP/NH were injected with 2 mL/Kg of vehicle (5.8 mL of distilled water +0.2 mL of 96% ethanol). The volume of injection was similar for all the rats.

2.6.. Electrophysiological experiments
--------------------------------------

### 2.6.1.. Slice preparation

Electrophysiological experiments were performed on PND 48. Rats were anesthetized with diethyl ether and subsequently decapitated. The brains were removed and bathed in ice-cold (2--4°C) standard artificial cerebrospinal fluid (ACSF) that was continuously gassed (mixture of 95% O~2~/5% CO~2~). The composition of ACSF solution (in mM) was as follows: 123 NaCl, 2.5 KCl, 1.5 CaCl~2~, 2 MgSO~4~, 25 NaHCO~3~, 1.2 NaH~2~PO~4~, and 10 glucose. Transverse slices (450 μm) were prepared with a Vibroslice (Campden Instruments, Silbey, UK). The slices were stored in a brain slice keeper oxygenated with 95% O~2~/5% CO~2~ at room temperature for at least one hour before use. After recovery, a single slice was laid in the recording chamber and perfused constantly with ACSF at the rate of 2 mL/minute and at 30--33°C ([@B58]). In the current study, one slice per rat was used and recorded successfully.

### 2.6.2.. Electrophysiological recording

A bipolar stimulating electrode was used to stimulate the activities of extracellular Schaffer collaterals in the stratum pyramidal of CA1 region. Synaptic transmissions were recorded by a glass microelectrode (2--6 mΩ) filled with 150 mM NaCl to record field Excitatory Post-Synaptic Potentials (fEPSP) and Population Spikes (PS). Fifteen minutes after electrode placement, stimuli were delivered using an isolator (Data Acquisition Science-Beam-D3111, Tehran, Iran) composed of constant current rectangular stimulus pulses of 200 μs, 10--250 μA, 0.1 Hzm and recording signals were filtered (1 to 3 KHz band pass) and amplified by an amplifier (×1000) (DAM 80, WPI, Sarasota, FL, USA). Signals were passed through an analog-to-digital interface (Data Acquisition ScienceBeam-D3111) to a computer, and data were analyzed using potentialize 2.05 (ScienceBeam).

Baseline response was recorded for 30 minutes with the stimulation frequency of 0.1 Hz. An input/output curve was generated by five different intensities. Then, the amplitude of PS and the slope of the fEPSP were measured. The lowest intensity of measurable responses was selected as Threshold intensity (T). Then other intensities consisting of 2×T to 5×T were tested. Stimulation amplitude that elicited 50--60% of the maximum response was used as a test pulse. After 20 minutes of stable baseline recording, the LTP-inducing protocol was applied and responses were recorded at 5, 15, 30, 45, and 60 minutes after LTP induction. Based on previous studies, LTP activity level changes at different time points ([@B8]; [@B72]).

The current study investigated LTP induction level in different recording time points at 5, 15, 30, 45, and 60 minutes after the induction in order to determine the variations in the synaptic response of the CA1 of stratum pyramidal neurons. LTP was induced by High-Frequency Stimulation (HFS), which is a train of 100 stimuli at 100 Hz ([@B54]). The measured parameters were the slope of fEPSP and amplitudes of the PS recorded in the stratum pyramidal. The PS amplitude was measured as the difference between peak negativity and the middle of the first and second positivity.

Ampli5, ampli15, ampli30, ampli45, and ampli 60 represent PS amplitude at minutes 5, 15, 30, 45, and 60, respectively. The fEPSP slope was measured as the slope between the baseline and the peak of the first positive wave. Slop5, slop15, slop30, slop45, and slop60 denote the slopes of fEPSP at minutes 5, 15, 30, 45, and 60, respectively. The difference in fEPSP slope at minutes 60 and 5 (slopdiff60) and the difference in PS amplitude at minutes 60 and 5 (amplidiff60) were calculated in order to evaluate the velocity of LTP in certain periods of time.

LTP was quantified as the average percentage change in slope of fEPSP and the amplitude of PS. LTP taken during the last 10 minutes of each recording period after the LTP induction was compared with that of the fEPSP slope and the amplitude of PS taken during the last 10 minutes of baseline recording ([@B33]).

### 2.6.3.. Serum total T4 and TSH measurement

All the samples were centrifuged (3000 g, 10 minutes, at 4 °C) and their serum was kept at −80 °C until the time of measurement. Serum total T4 was assayed using a commercial kit (Pishtaz Teb Zaman Co., Tehran, Iran). Their intra- and inter-assay coefficients of variation were 3.6%--5.8% and 4.4%--7.7%, respectively. Serum TSH was assayed using commercial ELISA (the enzyme-linked immunoassay) kit (EASTBIOPHARM, Hangzhou Eastbiopharm Co. Ltd., Zhejiang Province, China). The measurement ranges were from 0.1--30 mIU/mL and had a sensitivity of 0.05 mIU/mL.

### 2.6.4.. Statistical analysis

The statistical analysis was performed with SPSS V. 22.0. The distribution of data was checked by the Kolmogorov-Smirnoff test. The slope and amplitude at 5, 15, 30, 45, and 60 minutes were analyzed using four-way repeated measures ANOVA. In addition, slopdiff60, amplidiff60, slop60, and ampli 60 were analyzed using four-way ANONA followed by LSD post-hoc test for multiple comparisons. The analyses of TSH and total T4 between the two groups of the hypothyroid pups or dams as well as the corresponding control groups was evaluated by student t-test. The result was expressed as Mean±Standard Error of Mean (SEM) and differences were considered significant at P\<0.05.

3.. Results
===========

3.1.. Serum T4 and TSH levels in the control and TCH offspring rats
-------------------------------------------------------------------

Serum levels of T4 and TSH in hypothyroid mothers and offspring are shown in [Table 1](#T1){ref-type="table"} at the end of PTU treatment (PND 21). The analysis of data by t-test indicated that the serum levels of total T4 was significantly lower in hypothyroid mothers and offspring than the corresponding control groups on PND 21 (P=0.001). The analysis of serum levels of total T4 and TSH in TCH and control pups showed no significant differences at the end of the experiment (PND 48).

###### 

Serum hormone levels of offspring and mothers at PND 21 and offspring at PND 48

  **Groups**   **PND 21**                                     **PND 48**                                                                                                                                             
  ------------ ---------------------------------------------- --------------------------------------------- ---------------------------------------------- --------------------------------------------- ----------- -----------
  Control      6.75±0.24 [^\*^](#TFN2){ref-type="table-fn"}   6.13±0.2 [^\*^](#TFN2){ref-type="table-fn"}   6.61±0.19 [^\*^](#TFN2){ref-type="table-fn"}   5.15±0.5 [^\*^](#TFN2){ref-type="table-fn"}   6.19±0.14   5.23±0.16
  TCH          2.01±0.32                                      30.12±2.5                                     1.76±0.3                                       26.03±4.2                                     5.6±0.28    5.52±0.18

Serum levels of hormones were measured at PND 21 both in offspring and mothers and in Offspring at PND 48; Data are expressed as Mean±SEM;

P\<0.001 compared with the Transient Congenital Hypothyroid (TCH) group; PND: Postnatal Day

3.2.. Effects of treadmill exercise and sex hormones on PS amplitude and amplitude difference of LTP
----------------------------------------------------------------------------------------------------

A four-way repeated measures ANOVA (exercise×ho rmone×gender×hypothyroidism) on PS amplitude (at the time points of 5, 15, 30, 45, and 60 minutes after LTP induction) revealed the significant effect of exercise (F~1,80~=8.96, P=0.004), while the effects of gender, hormone, and hypothyroidism were not significant ([Figure 1 A, B, C, and D](#F1){ref-type="fig"}). Post hoc comparisons showed that in male rats, the mean PS amplitude of the TE/HYP/H subgroup from time point 5 to time point 60 was significantly higher than those of TE/CON/H, SED/HYP/NH, SED/HYP/H, and TE/HYP/NH subgroups (P=0.014, P=0.015, P=0.014, and P=0.036, respectively) ([Figure 2 A](#F2){ref-type="fig"}); and the mean PS amplitude of female rats in the TE/CON/H subgroup from time point 5 to time point 60 minutes was significantly higher than those of the SED/CON/NH subgroup (P=0.047) ([Figure 2 B](#F2){ref-type="fig"}).

![PS amplitude in CA1 of hippocampus in hypothyroid rats in 60 minutes after LTP induction\
A: Effects of treadmill exercise; B: Effects of hormone; C: Effects of hypothyroid; D: Effects of gender; The repeated measures ANOVA (4-way) revealed significant exect of exercise (P= 0.004); ^\*^ indicates the significant effects of exercise compared with those of non-exersice.](BCN-10-119-g001){#F1}

![Effects of treadmill exercise and sex hormones on mean of PS amplitude (% baseline) in male (A) and female (B) rats of the control and TCH group during 60 minutes after HFs\
Panel A: mean of PS amplitude was significantly higher in TE/HYP/H subgroup compared to TE/CON/H, SED/HYP/NH, SED/HYP/H, and TE/HYP/NH subgroups. & indicates P=0.014, @ indicates P=0.015, \^ indicates P=0.014, and ! indicates P=0.036 compared with the TE/CON/H, SED/HYP/NH, SED/HYP/H and TE/HYP/NH subgroups, respectively; Panel B: mean of PS amplitude was significantly higher in TE/CON/H subgroup compared with SED/CON/NH subgroup. The results are expressed as Mean±SEM (4-way ANOVA); ^\*^ P=0.047](BCN-10-119-g002){#F2}

A four-way ANOVA (exercise×hormone×gender×hy pothyroidism) on the PS amplitude of activity 60 minutes after LTP induction (ampli 60) demonstrated the significant effect of exercise (F~1,80~=12.96, P=0.001). Intergroup comparisons of the control female rats indicated that ampli 60 was significantly higher in TE/CON/H and TE/CON/NH subgroups than the SE/CON/NH subgroup (P=0.008 and P=0.018, respectively) ([Figure 3 B](#F3){ref-type="fig"}). In the Intergroup comparisons of TCH male rats (but not female rats), ampli 60 was significantly higher in the TE/HYP/H subgroup than SED/HYP/H, SED/HYP/NH, and TE/HYP/NH subgroups (P=0.006, P=0.002, and P=0.008, respectively) ([Figure 3 A](#F3){ref-type="fig"}). In the control group, comparison between the two genders indicated that the ampli 60 of the female rats in the TE/CON/H subgroup was significantly higher than that of the male rats in the corresponding subgroup (P=0.016) ([Table 2](#T2){ref-type="table"}). Moreover, intragroup comparisons of the control and TCH rats revealed that the ampli 60 of the male rats in the TE/HUP/H subgroup was significantly higher than that of the male rats in the TE/CON/H subgroup (P=0.003) ([Figure 3 A](#F3){ref-type="fig"}).

###### 

Mean ampli 60 in male and female pups

  **Group**    **Ampli 60**   
  ------------ -------------- -------------------------------------------------
  SED/CON/NH   200.52±15.57   198.38±16.12
  SED/CON/H    201.47±10.81   246.04±7.10
  TE/CON/NH    283.64±44.01   308.79±31.47
  TE/CON/H     210.63±34.69   322.97±43.45 [^\*^](#TFN3){ref-type="table-fn"}
  SED/HYP/NH   208.24±18.94   239.57±11.29
  SED/HYP/H    221.30±47.60   247.65±29.53
  TE/HYP/NH    225.99±21.01   251.05±6.19
  TE/HYP/H     350.67±70.67   273.85±29.21

P\<0.05 compared to male rats of the same subgroup on the ampli 60. Data are expressed as Mean±SEM.

![Effects of treadmill exercise and sex hormones on ampli 60 of PS (% baseline) in male (A) and female (B) rats of the control and TCH group at time point 60 minutes after HFs\
Panel A: Mean of ampli 60 of PS (% baseline) was significantly higher in TE/HYP/H subgroup compared to SED/HYP/H, SED/HYP/NH, TE/HYP/NH, and TE/CON/H subgroups. ^\^\^^ indicates P=0.006, @@ indicates P=0.002, !! indicates P=0.008, and && idicates P=0.003 compared to the SED/HYP/H, SED/HYP/NH, TE/HYP/NH and TE/CON/H subgroups, respectively; Panel B: Mean of ampli 60 of PS (% baseline) were significantly higher in TE/CON/H and TE/CON/NH subgroups compared with SED/CON/NH subgroup. The data are expressed as Mean±SEM (4-way ANOVA); ^\*^ P=0.018; ^\*\*^ P=0.008](BCN-10-119-g003){#F3}

A four-way ANOVA (exercise×hormone×gender×hy pothyroidism) on PS amplitude difference between the two time points of 60 and 5 minutes after LTP induction (amplidiff60) demonstrated the significant effect of exercise (F~1,80~=15.34, P=0.001), gender (F~1,80~=5.27, P=0.024), gender×hypothyroidism (F~1,80~=5.73, P=0.019), and gender×hypothyroidism×exercise (F~1,80~=9.05, P=0.004). Intergroup comparisons of the control female rats indicated that the amplidiff60 of TE/CON/NH and TE/CON/H subgroups was significantly higher than that of the SED/CON/NH subgroup (P=0.001 in both cases), and the amplidiff60 of TE/CON/NH and TE/CON/H subgroups was significantly higher than that of the SED/CON/H subgroup (P=0.003 and P=0.002, respectively) ([Figure 4 B](#F4){ref-type="fig"}).

![Effects of treadmill exercise and sex hormones on mean of PS amplidiff60 (PS amplitude difference of two time points of 5 and 60 minutes after HFs) (% baseline) in male (A) and female (B) rats of the control and TCH groups\
Panel A: mean of PS amplidiff60 (% baseline) was significantly higher in TE/HYP/H subgroup compared with SED/HYP/H, SED/HYP/NH, TE/HYP/NH, and TE/CON/H subgroups. \^\^ indicates P=0.003, @@@ indicates P=0.001, !! indicates P=0.002, and &&& indicates P=0.001 compared with the SED/HYP/H, SED/HYP/NH, TE/HYP/NH, and TE/CON/H subgroups, respectively; Panel B: mean of PS amplidiff60 (% baseline) was significantly higher in TE/CON/NH and TE/CON/H subgroups compared to SED/CON/NH andSED/CON/H subgroups. ^\*\*\*^ indicates P=0.001 and compared with the SED/CON/NH, \#\# indicates P=0.003 and P=0.002 compared with the SED/CON/H.As well, mean of PS of amplidiff60 (% baseline) was significantly higher in TE/CON/NH H subgroup compared with TE/HYP/NH; !! indicates P=0.010 compared with the TE/HYP/NH. The data are expressed as Mean±SEM (4-way ANOVA).](BCN-10-119-g004){#F4}

Intergroup comparisons of TCH male rats (but not female rats) showed that amplidiff60 was significantly higher in the TE/HYP/H subgroup than SED/HYP/H, SED/HYP/NH, and TE/HYP/NH subgroups (P=0.003, P=0.001, and P=0.002, respectively) ([Figure 4 A](#F4){ref-type="fig"}). In addition, comparison between the two genders indicated that in the control group, the amplidiff60 of TE/CON/NH and TE/CON/H subgroups of female rats was significantly higher than that of the corresponding male subgroups (P=0.040 and P=0.001, respectively) ([Table 3](#T3){ref-type="table"}).

###### 

Mean amplidiff60 in male and female pups

  **Group**    **Male**                                          **Female**
  ------------ ------------------------------------------------- ---------------------------------------------------
  SED/CON/NH   37.61±7.94                                        42.57±5.71
  SED/CON/H    40.45±11.22                                       55.69±7.89
  TE/CON/NH    83.14±24.97                                       142.16±18.64 [^\*^](#TFN4){ref-type="table-fn"}
  TE/CON/H     37.31±8.15                                        145.92±24.32 [^\*\*^](#TFN5){ref-type="table-fn"}
  SED/HYP/NH   49.26±15.75                                       65.87±7.73
  SED/HYP/H    57.46±28                                          85.61±36.84
  TE/HYP/NH    51.03±9.38                                        67.71±11.86
  TE/HYP/H     143.20±35.73 [^\*^](#TFN4){ref-type="table-fn"}   77.75±23.37

P\<0.05;

Compared with male rats of the same subgroup on the amplidiff60. Data are expressed as Mean±SEM.

In TCH group, comparison between the two genders revealed that amplidiff60 was significantly higher in the TE/HYP/H subgroup of male rats than the corresponding females (P=0.023) ([Table 3](#T3){ref-type="table"}). Intra comparisons of the control and TCH rats demonstrated that amplidiff60 was significantly higher in the female rats of the TE/CON/NH subgroup than the female rats of the TE/HYP/NH subgroup (P=0.010) ([Figure 4 B](#F4){ref-type="fig"}). Moreover, amplidiff60 was significantly higher in the male rats of the TE/HYP/H subgroup than the male rats of the TE/CON/H subgroup (P=0.001) ([Figure 4 A](#F4){ref-type="fig"}).

3.3.. Effects of treadmill exercise and sex hormones on the fEPSP slope of LTP
------------------------------------------------------------------------------

A four-way repeated measures ANOVA (exercise× hormone×gender×hypothyroidism) on the slope of fEPSP (at the time points of 5, 15, 30, 45, and 60 minutes) revealed the significant effect of hypothyroidism (F~1,80~=4.38, P=0.039), while the effects of gender and exercise were not significant ([Figure 5](#F5){ref-type="fig"}). Post hoc comparisons showed that in female rats, the mean slope of fEPSP from time point 5 to time point 60 was significantly higher in the SED/HYP/NH subgroup than the SED/CON/NH subgroup (P=0.041) ([Figure 6 B](#F6){ref-type="fig"}). However, there was no significant difference between the male rats ([Figure 6 A](#F6){ref-type="fig"}).

![The fEPSP slope in CA1 of the hippocampus in hypothyroid rats in 60 minutes after LTP induction\
A) Effects of treadmill exercise; B) Effects of hormone; C) Effects of hypothyroid; D) Effects of gender; The repeated measurements ANOVA (4-way) revealed significant exect of hypothyroid (P= 0.039).](BCN-10-119-g005){#F5}

![Effects of treadmill exercise and sex hormones on fEPSP slope (% baseline) in male (A) and female (B) rats of the control and TCH groups 60 minutes after HFs\
Panel A: Effects of treadmill exercise and sex hormones on mean of fEPSP slope in male rats were not significant; Panel B: mean of fEPSP slope was significantly higher in SED/HYP/NH subgroup compared with SED/CON/NH subgroup. The data are expressed as Mean±SEM (4-way ANOVA); ^\*^ P=0.041](BCN-10-119-g006){#F6}

A four-way ANOVA (exercise×hormone×gender×hyp othyroidism) on the slope of fEPSP 60 minutes after LTP induction (slop60) demonstrated the significant effect of exercise (F~1,80~=4.04, P=0.048) and hypothyroidism (F~1,80~=4.35, P=0.040). Intergroup comparisons of TCH male rats indicated that the slop60 of the TE/HYP/H subgroup was significantly higher than that of the SED/HYP/NH subgroup (P=0.041) ([Figure 7 A](#F7){ref-type="fig"}). Intragroup comparisons of control and TCH rats showed that the slop60 of the female rats in the SED/HYP/NH subgroup was significantly higher than that of the female rats in the SED/CON/NH subgroup (P=0.027) ([Figure 7 B](#F7){ref-type="fig"}). Furthermore, the slop60 of the male rats in the TE/HYP/H subgroup was significantly higher than that of the male rats in the TE/CON/H subgroup (P=0.046) ([Figure 7 A](#F7){ref-type="fig"}).

![Effects of treadmill exercise and sex hormones on slop60 of fEPSP (% baseline) in male (A) and female (B) rats of control and TCH groups at 60 minutes after HFs\
Panel A: Mean of slop60 (% baseline) was significantly higher in TE/HYP/H subgroup compared to SED/HYP/NH and TE/CON/H sub-groups. @ indicates P=0.041 and & indicates P=0.046 compared with the SED/HYP/NH and TE/CON/H subgroups, respectively; Panel B: Mean of slop60 (% baseline) was significantly higher in SED/HYP/NH subgroup compared with SED/CON/NH subgroup. The data are expressed as Mean±SEM (4-way ANOVA); ^\*^ P=0.027](BCN-10-119-g007){#F7}

A four-way ANOVA (exercise×hormone×gender×hy pothyroidism) on the difference in the slope of fEPSP between 60 and 5 minutes after LTP induction (slopdiff60) demonstrated the significant effect of exercise (F~1,80~=6.01, P=0.016) as well as that of the interaction of exercise and hypothyroidism (F~1,80~=7.49, P=0.008). Intergroup comparisons of control female rats indicated that slopdiff60 was significantly higher in the TE/CON/NH subgroup than SED/CON/NH and SED/CON/H subgroups (P=0.012 in both cases), while slopdiff60 was significantly higher in the TE/CON/H subgroup than SED/CON/NH and SED/CON/H subgroups (P=0.027 and P=0.026, respectively) ([Figure 8 B](#F8){ref-type="fig"}). Intergroup comparisons of control male rats indicated that the slopdiff60 of the TE/CON/NH subgroup was significantly higher than those of SED/CON/NH and SED/CON/H subgroups (P=0.038 and P=0.025, respectively) ([Figure 8 A](#F8){ref-type="fig"}).

![Effects of treadmill exercise and sex hormones on mean of slopdiff60 (sloe of fEPSP difference 5 and 60 minutes after HFs) (% baseline) in male (A) and female (B) rats of the control and TCH groups\
Panel A: Mean of slopdiff60 (% baseline) was significantly higher in TE/CON/NH subgroup compared with SED/CON/NH and SED/CON/H subgroups. ^\*^ indicates P=0.038 and \# indicates P=0.015, compared with the SED/CON/NH and SED/CON/H sub-groups, respectively; as well, the mean of slopdiff60 (% baseline) was significantly higher in TE/HYP/H subgroup compared to SED/HYP/NH and TE/CON/H sub-groups. @ indicates P=0.046 and & indicates P=0.018 compared with the SED/HYP/NH and TE/CON/H subgroups, respectively; Panel B: mean of slopdiff60 (% baseline) was significantly higher in TE/CON/H subgroup compared to SED/CON/NH and SED/CON/H subgroups. ^\*^ indicates P=0.027 and \# indicates P=0.026 compared to the SED/CON/NH and SED/CON/H subgroups respectively, as well, the mean of slopdiff60 (% baseline) was significantly higher in TE/CON/NH subgroup compared to SED/CON/NH, SED/CON/H and TE/HYP/NH sub-groups. ^\*^ indicates P=0.012, \# indicates P=0.012, and ! indicates P=0.018 compared to the SED/CON/NH, SED/CON/H, and TE/HYP/NH subgroups, respectively. The data are expressed as Mean±SEM (4-way ANOVA).](BCN-10-119-g008){#F8}

Intergroup comparisons of TCH male rats (but not female rats) showed that the slopdiff60 of the TE/HYP/H subgroup was significantly higher than that of the SED/HYP/NH subgroup (P=0.046) ([Figure 8 A](#F8){ref-type="fig"}). Moreover, intragroup comparisons of control and TCH rats revealed that the slopdiff60 of the female rats in the TE/CON/NH subgroup was significantly higher than that of the female rats in the TE/HYP/NH subgroup (P=0.013) ([Figure 8 B](#F8){ref-type="fig"}), while the slopdiff60 of the male rats in the TE/HYP/H subgroup was significantly higher than that of the male rats in the TE/CON/H subgroup (P=0.018) ([Figure 8 A](#F8){ref-type="fig"}).

4.. Discussion
==============

Hypothyroidism during the critical periods of brain development impairs LTP induction ([@B17]). The relationship between learning/memory functions and LTP as the cellular basis has been proved ([@B8]). Most of the negative effects of hypothyroidism are associated with changes in the hippocampus ([@B20]) .The current study aimed at investigating the possibility of an interaction between sex hormones and exercise to strengthen neural plasticity in TCH rats. The results demonstrated that although there was no significant difference in LTP between the male rats of control and TCH groups, an increase in fEPSP slope was observed among the female rats of the TCH group. The effects of exercise and/or hormone were different in both male and female groups. Exercise enhanced LTP in male and female rats of the control group, but the effect of hormone was not significant. The combination of exercise and testosterone (but none of them individually) enhanced LTP in TCH male rats, while the combination of exercise and estradiol or each of them individually did not produce such an effect on LTP in TCH female rats.

PTU as an anti-thyroid factor affects thyroid hormone secretion ([@B13]). In the current study, PTU reduced the serum levels of T4 rats compared with the controls; and serum levels of TSH significantly increased in TCH rats compared with the controls. On PND 48, T4 and TSH levels were fully recovered in both male and female offspring, which meant animals were euthyroid at the time of test. Surprisingly, no difference was observed in fEPSP slope and PS amplitude between the sedentarynon-hormone subgroups of control and TCH male rats. Nevertheless, a significant increase in fEPSP slope and a non-significant increase in PS amplitude were observed in TCH female rats compared with the control female rats. Although mild TCH begins in late pregnancy (day 18 of gestation) and extends until the end of lactation, it does not affect fEPSP slope, but increases PS amplitude of LTP in adult rats ([@B24]).

The current study showed that hypothyroidism during the development differentially affects males and females with regards to hippocampal functions during adult-hood; thus, it has some long-term gender-specific functions. Multiple mechanisms may explain the variations observed in the slope of fEPSP and hippocampal function in TCH female rats. Some of these mechanisms include an overall increase in excitatory transmission that could involve excitatory glutamatergic receptors ([@B2]), an overall decrease in inhibitory transmission that could involve GABAergic receptors ([@B21]), connectivity changes of excitatory projections from Schaeffer collaterals to CA1 ([@B57]), or connectivity changes of regulatory inhibitory interneurons ([@B59]).

These factors can make changes, individually or in combination, which contribute to the altered responses in adult females hippocampus treated prenatally and neonatally with PTU. Also, hippocampal formation yields a remarkable sensitivity to gonadal hormones, thereby explaining the existence of abundant reports on sexual differences in this region of the brain.

It can be approved that such differences are related to the presence of receptors for sexual steroids ([@B50]; [@B63]), since some hippocampal morphological and biochemical characteristics are liable to gonadal modulation ([@B27]; [@B37]). It remains to be exactly identified what makes males more sensitive to hypothyroid effects during this time period and whether or not there are other gender-specific outcomes following developmental hypothyroidism.

The current study found that exercise clearly affected the control group and enhanced LTP. These findings were in agreement with those of previous studies showing that treadmill exercise enhanced LTP in mice ([@B47]; [@B75]). The results of the current study suggested that mild treadmill exercise was far less effective in male than female rats in the control group. It should be noted that exercise slightly, but significantly, increased LTP in male rats. It means that female rats were more sensitive to the potentiating effects of treadmill exercise than male ones, although voluntary exercise did not enhance LTP in female rats ([@B66]). Moreover, in response to similar levels of exercises involving voluntary wheel running and forced treadmill running, female mice showed a greater capacity to increase their cardiac mass than males ([@B76]). These contradictions may be due to variations in the type, length, and intensity of exercise trainings used.

In the current study, treadmill exercise did not enhance LTP in TCH rats. Frequent factors contribute to the useful effects of exercise on neuroplasticity in certain structures and resultant changes in learning and memory both in the healthy and the injured brains. Potential mechanisms may cause variations in the levels of growth factors, e g, Brain-Derived Neurotrophic Factor (BDNF) and Vascular Endothelial Growth Factor (VEGF), alterations to neurotransmitter and hormone signaling, as well as antiapoptotic activity and antioxidants ([@B15]). In the hippocampus, thyroid hormone deficiency decreases the mRNA expression of VEGF ([@B73]) and BDNF ([@B1]). BDNF and VEGF are important factors in synaptic plasticity ([@B74]) and their reduction may contribute to the inhibition of the effects of exercise on LTP and the adverse neurodevelopmental effects in hypothyroidism during pregnancy.

The other studies show that performing treadmill exercise during the postnatal period decreases the severity of hypothyroidism and results in the improvement of short-term memory and spatial learning ability ([@B61]) and the improvement of behavioral and biochemical disorders produced by maternal hypothyroidism in neonates ([@B60]). Anyway, changes in spatial learning such as the water maze test, which is a hippocampal-dependent task, are not necessarily associated with the ability to modify hippocampal synaptic strength ([@B16]; [@B35]; [@B53]).

In the current study, sex hormones did not enhance LTP either in the control or TCH group. Consistent with another study, testosterone administration in early puberty did not enhance LTP in male rats ([@B29]). Nevertheless, estrogen did not increase LTP induction, unexpectedly disagreeing with studies in which the induction of LTP increased by treatment with estradiol ([@B14]; [@B34]). However, this result was consistent with that of a study in which estradiol chronic treatment had no significant effect on LTP ([@B3]). Exogenous estradiol effects can be observed while the environmental estradiol is removed before the treatment, i.e. after ovariectomy ([@B69]). Although the current study did not measure serum levels of sex hormones, further studies are needed to use different doses of estradiol in the presence or absence of the environmental estradiol.

Combination effects of exercise and sex hormones also enhanced LTP in the control female and TCH male rats, but not in the control male or TCH female rats. No additional action was observed in the combined interventions in the control female rats. There was no significant difference between the two subgroups of TE/CON/H and TE/CON/NH in the control female rats, which was probably due to the effects of exercise itself; it might also be possible to assume that exercise treatment reached already a ceiling effect, which could not be further enhanced by estradiol. However, future studies are needed to apply more graded doses of estradiol and/or different intensities of exercises. However, in TCH male rats, the effect of exercise and sex hormone combination on LTP was significantly higher than the effect of the exercise or hormone alone. Also, exercise or hormone injection alone had no effects on LTP.

Moreover, aromatase activity is enhanced in TCH rats ([@B51]). It converts injected testosterone to estrogen and exerts its effects on the brain ([@B30]; [@B43]). In addition, according to the studies, androgens are synthesized in the hippocampus ([@B31]). This local production can be applied by physiological stimuli such as exercise ([@B56]). Mild treadmill exercise results in increased hippocampal dihydrotestosterone levels, and androgens stimulate exercise-induced hippocampal neurogenesis (65). On the other hand, exercise gives the brain benefit of VEGF and BDNF ([@B67]).

VEGF directly increases neurogenesis ([@B36]; [@B39]). Treatment with testosterone also stimulates the production of VEGF in canary and protein levels, while BDNF mRNA expression in the Higher Vocal Center (HVC) is increased after treatment with testosterone ([@B49]). The effects of BDNF are examined on synaptic promotion ([@B45]). VEGF is one of the important factors for LTP induction in the hippocampus ([@B74]). Therefore, exercise and testosterone via VEGF and BDNF can have a common and synergistic pathway for LTP induction. Not surprisingly, these combined effects were not observed with LTP induction in the control group due to the hypothesis that an optimal level of testosterone is necessary for brain organization well suited for LTP induction ([@B32]).

To summerize, the decrease in thyroid hormones, beginning in early pregnancy and continuing until the end of it, can cause changes in synaptic plasticity in slices taken from young animals. Despite the return of thyroid hormone to normal levels in TCH rats, their response to high-frequency stimuli in LTP was different from that of control rats; nevertheless, the effects of exercise were not observed in them and exercise had no effects on LTP induction, while male TCH rats responded to the combinatorial model of exercise and testosterone.
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